SUMMARY Glucose was Infused intravenously into cats prior to cerebral ischemia. Brain concentrations of glucose, measured in 7 regions, were elevated 2.5-fold compared to those of non-infused animals. Ischemia of 15 or 30 minutes duration caused a greater accumulation of lactic add in the brain of glucose-infused animals. Post-iscbemic restitution of cerebral ATP, phospbocreatine, and lactate during 90 minutes of reclrculation was severely impaired in the brain of animals pretreated with glucose compared to untreated animals. Thus, excess lactic addosis may be a major factor interfering with metabolic restitution following cerebral ischemia.
'
8 Thus, a 90-minute recirculation period following a 30-minute ischemic insult produced regions in which ATP and phosphocreatine levels were less than 10% of control."
In the present study we have examined the effect of pre-ischemic administration of glucose on restitution of metabolite levels following 15 or 30 minutes of ischemia. Glucose administration has previously been shown to increase the neurologic deficit and degree of neuropathologic damage caused by cardiac arrest in the monkey. 8 " 11 Since post-ischemic recovery of brain function depends upon restoration of an adequate energy state, we have compared restitution of energy metabolites in glucose-treated versus untreated animals which have been described previously. 1 In the accompanying report 18 we have examined the effect of glucose infusion on post-ischemic cerebral blood flow.
Methods
Cats of either sex, weighing 3-4 kg, were anesthetized with sodium pentobarbital, 40 mg/kg intraperitoneally, and were prepared as previously described.
1 ' The common carotid arteries were isolated and encircled with loose-fitting ligatures, and the basilar artery was exposed through the clivus. One hour prior to the ischemic insult, a solution of 50% dextrose in normal saline was infused intravenously over a period of 60 minutes at a rate of 50 jtl per minute per kg body weight, yielding a total dose of 6 g of glucose for a 4 kg animal. Upon termination of the glucose infusion, cerebral ischemia was produced by occluding the carotid and basilar arteries with miniature Mayfield clips. Following occlusion of the arteries, the animal was bled to a mean arterial pressure of 64 torr by manual hemorrhage into a heparinized syringe. After 15 or 30 minutes of ischemia, normotensive recirculation was initiated by releasing the arterial clips and reinfusing shed blood.
Five groups of animals were studied. In the control group (Group I, n = 4), 2 animals were sacrificed at the end of the period of glucose infusion. Two additional control animals were sacrificed 2 hours after termination of glucose infusion. Group II animals (n = 3) received a 15-minute period of ischemia without recirculation, and Group III (n = 3), 30 minutes of ischemia without recirculation. Group IV animals (n = 5) received a 15-minute ischemic insult followed by 90 minutes of recirculation, and Group V (n = 3), 30 minutes of ischemia plus 90 minutes of recirculation.
At the termination of each experiment, the brain was frozen in situ by pouring liquid N 2 into a styrofoam cup fixed to the exposed calvarium. During the period of freezing, mechanical ventilation of the animals was continued, and the arterial pressure remained steady for 8-12 minutes. This freezing technique has previously been shown to preserve metabolite levels even in deep structures of cat brain without ischemic alteration (see table 3 and ref. 14). The frozen brain was sectioned in the coronal plane into slices 1 cm in thickness with a pre-cooled saw. In a liquid N, bath the slices were illuminated with ultraviolet light (Xmax = 366 nm) using a 200 watt mercury arc lamp fitted with Corning filter 5840. photographed through Corning filters 3389 and 5562 on high contrast film.
At -30°C the brain slice was sampled bilaterally at 7 predetermined areas indicated in figure 1. The samples were weighed (2-5 mg) and extracted with 0.1 N NaOH in methanol.
14 One portion of the extract was made 1 mM in cysteine, heated 10 minutes at 60°C to destroy N A D \ and analyzed for NADH using enzymatic cycling.
1
' A second portion of the extract was acidified with perchloric acid, centrifuged, and the supernate was neutralized and analyzed for ATP, phosphocreatine, lactate, and glucose using enzymatic, fluorometric techniques. 1 6 Tissue specific gravity was determined on a density gradient column. 17 Samples from 4 cortical regions (the lateral and medial gyri of each hemisphere, see fig. 1 , LAT and MED) were dissected under kerosene at -30°C. Two additional samples were dissected from subcortical white matter. The samples were placed on a kerosene-bromobenzene density gradient which had been standardized with KjSO 4 solutions of known specific gravity. Ten minutes after placement on the gradient, the column position of the sample was recorded and the specific gravity calculated from the standard curve.
In 2 of the Group IV animals, 250 uC t of 14 Cantipyrine was infused intravenously over a 3-minute period, beginning 2 minutes before brain freezing. Autoradiograms were made from thin sections of brain (20 u) which were dried and placed in contact with Kodak SB-5 x-ray film for a 10-day exposure.
Results
The arterial variables, blood pressure and blood gases (table 1) showed no major difference among groups of glucose-infused animals, nor between the series of glucose-treated and the previously reported series of untreated animals. 8 Infusion of glucose caused plasma levels of glucose to rise 4-5-fold in all treated groups (table 2). A further increase of plasma glucose occurred during the ischemic insult, ischemia were 2.5 times higher in glucose-infused presumably as a result of arterial hypotension, in both animals (table 3) . However, regional levels of ATP, infused and non-infused animals, as described in detail phosphocreatine, lactate, and NADH were not elsewhere." Brain levels of glucose prior to cerebral different from those of untreated animals. The 
FIGURE 2. Specific gravity of cortex and white matter during ischemia and recirculation: effect of pretreatment with glucose. Bars represent mean values ± standard errors for each group of animals (n = 3). In each animal, specific gravity was measured in 4 cortical and 2 white matter samples. The asterisk indicates a significant difference from the non-infused group, p < 0.05, Student's t-test.
glucose-treated animals did show a reduction of specific gravity both in cortex and white matter when compared to non-infused animals, although the difference in white matter was not statistically significant ( fig. 2 , Control Groups).
Ischemia of 15 or 30 minutes duration depleted tissue levels of phosphocreatine to 0.5 mmol/kg or lower in all brain regions of both treated and untreated animals (figs. 3 and 4). Regional levels of ATP were lower in glucose-infused animals although the difference was significant only in the 2 white matter regions after 30 minutes of ischemia ( fig. 4 , WHITE and INT). Lactate levels were higher in all regions of the glucose-treated animals after both durations of ischemia. The increment of lactate ranged from 8-10 mmol/kg in cortex after 15 minutes ( fig. 3 , LAT, MED, SULC, and CING) and from 10-13 mmol/kg after 30 minutes of ischemia ( fig. 4) .
Recirculation following 15 minutes of ischemia led to substantial resynthesis of ATP and phosphocreatine in both gray matter and white matter ( fig. 5 ). Phosphocreatine levels were lower in all 7 regions of glucose-infused animals, but this difference was statistically significant only in the cingulate gyrus ( fig.  5, CING) . In addition, lactate levels ranged from 20-36 mmol/kg in the cortex of glucose-treated animals compared to values of 6 mmol/kg or less in untreated animals ( fig. 5 , LAT, MED, SULC, and CING). There was also a fundamental difference in the regional pattern of metabolite recovery. In un- treated animals, metabolite levels were restored in a homogeneous fashion throughout the cerebral cortex, white matter, and caudate nucleus.' By contrast, glucose pretreatment caused a regionally heterogeneous pattern of metabolite recovery (see fig. 7 ) in which zones depleted of high energy phosphates coexisted adjacent to areas with nearly normal values.
Since the precise location of the derangements of tissue metabolites varied in different animals, the resulting average values have large standard errors which obscure the significance of the difference between the two groups of animals. A similar distinction in the regional pattern of metabolic recovery was noted after 30 minutes of ischemia. In this case, however, regional heterogeneity occurred in the untreated animals as reported previously.* By contrast, in the glucose-treated animals, there was a homogeneous absence of high energy phosphates in the cerebral gray matter ( fig. 6 , LAT, MED, SULC, CING, and CAUD). In the white matter and internal capsule of treated animals, ATP returned to 70% and 88% of control levels, respectively, while phosphocreatine was restored to 45% and 33% of control. Tissue levels of lactate were higher in all regions of glucose-treated than in nontreated animals. Ischemia caused a fall in the specific gravity of cortex and white matter in both glucose-infused and noninfused animals (p < 0.05), with the exception of the white matter of infused animals ( fig. 2 ). Recirculation following a 30 minute insult led to a further decline of specific gravity in cortex but not in white matter. After 15 minutes of ischemia and 90 minutes of recirculation, specific gravity was significantly lower than control values only in the cortex of non-infused animals. Figure 7 illustrates one example of the regional heterogeneity in restitution of metabolite levels and blood flow. The location of regions sampled is indicated in figure 7a, which also shows regional variations in the intensity of 366 nm light reflected from the frozen brain surface. Areas with higher reflectance intensity (for example, sample H) indicate regions with decreased blood volume. Figure 7b pictures the NADH fluorescent image from the same brain section. Note that the lowest NADH fluorescence intensity was often associated with regions of lower blood volume (samples A, F, G, and H). Furthermore, the areas of decreased reflectance and fluorescence exhibited the lowest levels of ATP and phosphocreatine and highest levels of lactate. In this and many other of the recirculated brains in the present study, regions with unusually low intensity of NADH fluorescence invariably contained high levels of lactate and markedly diminished levels of high energy phosphates. This severe energy failure was not restricted to areas of relatively low perfusion as evidenced by the uptake of u C-antipyrine ( fig. 7c , samples E, G, and H). In these areas, 14 C-antipyrine uptake was either high (sample H), or exhibited a laminar pattern within the cortex with relatively greater perfusion in the deeper cortical layers (samples E and G). By contrast, the tissue represented by samples B, C, and D showed a regionally uniform antipyrine uptake and also contained the highest levels of ATP and phosphocreatine and lowest levels of lactate. Table 4 summarizes the effect of ischemia and recirculation on NADH concentration in cerebral cortex of glucose-infused animals. NADH was elevated 3-fold during ischemia and returned to control levels or below during recirculation following 15 and 30 minutes of ischemia, respectively. By comparison, complete cerebral ischemia due to cardiac arrest caused NADH levels to rise 6-fold by 5 minutes and remain increased for 120 minutes. 
Discussion
The present results demonstrate that glucose, when administered prior to an ischemic insult, severely impairs post-ischemic restitution of metabolite levels. The effect of glucose was to increase the number of regions which failed to reconstitute levels of ATP and Values are mean* ± standard errors.
•Significantly different from control fronp, p < 0.O5, Student's t-tcat. The cardiao arrest animals were not pretreat«d with gluooM.
phosphocreatine during the 90-minute recirculation period (see fig. 8 ). Thus, after 15 minutes of ischemia alone, there was extensive recovery of ATP, phosphocreatine, and lactate in all regions analyzed.* However, glucose pretreatment followed by 15 minutes of ischemia and 90 minutes of recirculation produced irreversible energy failure in several gray matter regions (see fig. 7 ), the extent of which varied in different animals. It was difficult to demonstrate a statistical difference between the glucose-treated and untreated animals (see fig. 5 ) because of the large standard errors caused by the regional heterogeneity. Glucose-infusion also increased the number of areas which did not restitute metabolite levels following a 30-minute ischemic insult ( fig. 8) , resulting in energy failure throughout the cerebral gray matter. Thus, pre-ischemic administration of glucose dramatically impaired metabolic recovery after both durations of cerebral ischemia. In our study of cerebral blood flow," we report that glucose pretreatment adversely affected regional flow following cerebral ischemia. Furthermore, the regional patterns of post-ischemic blood flow resembled the patterns of energy failure as diagrammed in figure 8 . Thus, the derangements of both flow and metabolism during post-ischemic recirculation were exacerbated by glucose pretreatment.
The pre-ischemic effects of intravenous administration of glucose were 2-fold. First, brain levels of glucose were elevated by a factor of 2.5 compared to those of non-infused animals. Second, brain specific gravity was decreased by glucose treatment, presumably due to an increase in water content. 17 During ischemia of severe degree, brain carbohydrate reserves are converted nearly quantitatively to lactic acid 1 because of the oxygen shortage. Lactate is further increased during incomplete ischemia, 8 such as occurs in the present model, since the continued delivery of glucose provides substrate for anaerobic conversion to lactate. The additional accumulation of lactate in the brain of glucose-treated animals may then be an important factor limiting post-ischemic recovery of flow and metabolite levels. Howeyer, the magnitude of the end-insult difference of lactate (30%) was not great, especially compared to the overall increase caused by ischemia even in the untreated animals.
It is also possible that the pre-ischemic alterations of brain specific gravity may contribute to the deleterious effects of glucose infusion. Decreased specific gravity, which results from an increase of tissue water content, may have been the osmotic effect of increased brain glucose concentration. This swelling also may account for the 30% reduction of preischemic blood flow compared to non-infused animals. 18 The further decline of specific gravity after 90 minutes of recirculation following 30 minutes of ischemia ( fig. 2 ) correlated with profound derangements of flow and metabolism, but there was no difference between glucose-treated and untreated animals.
At present, we are unable to provide further conclusive information relating to the mechanism of the deleterious effect of glucose. As discussed previously, 13 the use of insulin to curtail the hyperglycemia which occurs during ischemia did not alter the metabolic outcome. In order to test whether administration of glucose following ischemia was as deleterious as pretreatment, glucose was infused during recirculation following 15 minutes of ischemia in 3 animals. Compared to non-infused animals (mean cortical ATP = 1.66 ± 0.03, lactate = 5.1 ± 1.1 mmol/kg), post-ischemic treatment with glucose interfered with restitution of lactate (ATP = 1.63 ± 0.28, lactate = 21.1 ± 10.0 mmol/kg), but the overall impairment of metabolic recovery was not as pronounced as with pre-ischemic treatment with glucose (ATP = 1.41 ± 0.25, lactate = 27.4 ± 7.0 mmol/kg). Similar results were obtained from a series of 5 animals in which mannitol was substituted for glucose in order to test for non-specific osmotic effects of glucose pretreatment. Again, pretreatment with mannitol impaired metabolic recovery (ATP = 1.55 ± 0.38, lactate = 17.1 ±7.9 mmol/kg), but the effect was not as great as pretreatment with glucose. Consequently, the deleterious action of glucose may only in part be related to osmotic effects. The regional heterogeneity of post-ischemic restitution of metabolite levels and of flow ( fig. 7) contrasts strongly with the regionally uniform alteration of metabolites and flow 13 caused by the ischemic insult itself ( figs. 3 and 4) . Thus, although the accumulation of lactate was the same in all cortical areas during ischemia, there were nevertheless remarkable regional differences in metabolite levels at the end of the 90-minute recirculation period ( fig. 7) restitution of ATP, phosphocreatine, and lactate often exhibited the least recovery of NADH levels (sample D, fig. 7 ). While such samples from cortical sulci may have undergone an artifactual doubling of NADH content during brain freezing (table 3 and ref. 14), it was nevertheless true that NADH varied inversely with lactate levels in post-ischemic brain. This relationship is opposite that which occurs during cerebral ischemia, which causes a rapid increase of both NADH and lactate. Since total cerebral ischemia resulting from cardiac arrest produced a high level of NADH, which remained elevated for at least two hours, the diminution of NADH observed during recirculation in the present model (table 4) must in some way have been triggered by reperfusion of the tissue. The steady-state level of tissue NADH is determined by the balance between the generation of reducing equivalents and their reoxidation in both the cytoplasmic and mitochondrial compartments. During ischemia, the supply of oxygen and substrate is cut off, but since carbohydrate reserves are greater than those for oxygen, the tissue redox state becomes reduced. Upon reperfusion, the fresh supplies of oxygen and glucose lead to a new steady-state for NADH which again is determined by the relative rates of NAD + reduction and NADH reoxidation. If the cellular damage produced by ischemia were to selectively interfere with the enzymes involved in generating reducing equivalents, then recirculation would lead to reoxidation of NADH in the absence of substrate utilization and without resynthesis of high energy phosphates. In the same brain, other regions with a preserved and perhaps higher than normal rate of generation of reducing equivalents could use both oxygen and glucose for ATP production while remaining in a redox state which was reduced relative to control tissue. Admittedly, the above considerations are speculative, but they would also explain the extreme case in which a total paralysis of NAD + reduction could lead to subnormal NADH values in postischemic brain having little or no blood flow. 13 Finally, although the present model of ischemia produced irreversible impairment of both flow and metabolism, there were regional examples of metabolic failure in apparently well-perfused tissue ( fig. 7) . These examples raise the questions whether the failure to resynthesize and maintain levels of high energy phosphates is flow-limited during the postischemic period or whether, quite independent of postischemic blood flow, an intrinsic lesion within the metabolic machinery is responsible for the cellular energy failure.
